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Reply to “Comments on ‘Effects of using the more accurate intrinsic
concentration
on ipoiar transistor modeling’ ” [J. Appl. Phys. 68, 591 I
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J. J. Liou
Electrical Engineering Department,
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of Central Florida, Orlando, Florida 32816

(Received 13 June 199 1; accepted for publication 27 June 199 1)
This reply addresses the issues raised by Rode and Rosenbaum regarding the bipolar junction
transistor model developed in the subject paper [J. Appl. Phys. 68, 5911(1990)]. The
error associated with Eq. (4) in the subject paper is discussed and corrected, the value of the
space-charge-region recombination time used is specified, and the results are recalculated.
It is shown that the error in Eq. (4) does not alter notably the trends of the current gain
calculated using the two different intrinsic concentrations.
In an effort to implement the above-model detailed in
Ref. 1, Rode and Rosenbaum” observed the following
problems: (i) The maximum current gain fi, from Vn,
= 0.55-0.8 V, they obtained was about 50% smaller than
that reported in Ref. 1; (ii) the doping concentration used
in Eq. (4) should be Ns rather than NE; and (iii) the
free-carrier diffusion coefficient values used in Ref. 1 are
for the majority free carriers. My reply is as follows.
Rode and Rosenbaum used the same parameter values
given in Ref. 1. The only parameter value missing in Ref. 1
was the space-charge-region recombination time r, which
was given to them via an informal phone conversation. The
value of r used in Ref. 1 was 0.01 ,USand was incorrectly
referred to during the private communication as 1 ys. As
will be shown later, the discrepancy in T alters the lowvoltage current characteristics, but it does not contribute to
the disagreement in the maximum p calculated by Liou
and co-workers’ and by Rode and Rosenbaum.2
I agree with Rode and Rosenbaum that NE should be

replaced by NB in Eq. (4). The equation was given as’
JSCRE1.25 (F)
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where JsCR is the space-charge-region recombination current density. The above equation is intended for a p + /n
junction. For the n + /p emitter-base junction under study,
the space-charge region can be assumed to reside only in
the base layer. Thus the correct equation for JsCR should be
JSCR=1.25 (F)
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FIG. 1. Current gains calculated using diiferent &a equations and different spacecharge-region recombination time T.
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FIG. 2. Current gains calculated
using the’correct& .&,-a equation
and the two different intrinsic
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The above issues are incorporated in the results shown
in Fig. 1, as we intend to reproduce the results reported in
Ref. 2 (solid line in Fig. 2 of Ref. 2). Although the trends
are similar between p reported here (solid line) and reported by Rode and Rosenbaum,2 both calculated using
7 = 1 ps and Eq. (2), quantitative agreement cannot be
found. It is apparent that correcting the JsCRequation and
changing the value of 7 affect the maximum fl only slightly
[Fig. 1). Our calculations show a maximum fl of about
225, compared to about 150 reported in Ref. 2, even when
Eq. (2) and 7 = 1 pus are used. We have checked thoroughly the equations written into the computer to insure
that discrepancies are not a result of computational error.
To my best knowledge, the only device physics that could
be added to the analysis and cause the disagreement would
be the apparent band-gap narrowing in the heavily doped
emitter, which can increase the hole injection from the base
to emitter and thus increase the base current and reduce
the maximum current gain. This heavy doping effect was
not included in the treatment in Ref. 1, but neither, was it
mentioned in Ref. 2. Figure 2 illustrates the effects of the
different intrinsic concentrations on /3 calculated using the
corrected JscRequation [Eq. (a)] and 7 = 1 ,US.The same
trend as that described in. Ref. 1 is found.
In regard to the comment that the carrier diffusion
coefficient values used in Ref. 1 are for the majority carriers, I can simply state that the work in Ref. 1 was not
intended for a precise modeling of the bipolar transistor;
rather, its purpose is to show the effects of employing the
more accurate intrinsic concentration, versus the conventional intrinsic concentration, on the dc performance of the
transistor. In fact, the ratio of the current calculated using
the more accurate nf to the current calculated using the
3976
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conventional nj would. be the same whether the majority
diffusion coefficient or the minority diffusion coefficient is
employed in calculations. The majority-carrier
diffusion
coefficient is conventionally used to estimate the minoritycarrier diffusion niechanism, but the minority-carrier
transport parameters investigated extensively recently3.4
should describe more accurately the minority-carrier
behavior in the semiconductor.
In summary, Rode and Rosenbaum have correctly
pointed out the error in .Eq. (4) given in Ref. 1, in which
NE should be replaced by NB because an n +/p junction is
considered. The value of T used by Rode and Rosenbaum’
is not the same as that used by Liou and co-workers’ as a
result of inadvertent misreference through a private communication. We are unable to reproduce the results reported by Rode and Rosenbaum,2 however, even after the
above two issues are incorporated into our earlier model.’
Current gains are calculated using the corrected E?q. (4)
for the two different intrinsic concentrations, and the same
trend as that found in Ref. 1 is obtained. Thus the conclusions provided in Ref. 1 are still appropriate.
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